There are two divergent fructokinase isozymes, Frk1 and Frk2 in tomato (Lycopersicon esculentum Mill.) plants. To investigate the physiological functions of each isozyme, the expression of each fructokinase mRNA was independently suppressed in transgenic tomato plants, and the respective phenotypes were evaluated. Suppression of Frk1 expression resulted in delayed flowering at the first inflorescence. Suppression of Frk2 did not effect flowering time but resulted in growth inhibition of stems and roots, reduction of flower and fruit number, and reduction of seed number per fruit. Localization of Frk1 and Frk2 mRNA accumulation by in situ hybridization in wild-type tomato fruit tissue indicated that Frk2 is expressed specifically in early tomato seed development. Fruit hexose and starch content were not effected by the suppression of either Frk gene alone. The results collectively indicate that flowering time is specifically promoted by Frk1 and that Frk2 plays specific roles in contributing to stem and root growth and to seed development. Because Frk1 and Frk2 gene expression was suppressed individually in transgenic plants, other significant metabolic roles of fructokinases may not have been observed if Frk1 and Frk2 play, at least partially, redundant metabolic roles.
Suc translocated from source leaves to sink tissue is first metabolized by Suc synthase (SS) and/or invertase (INV) to form a pool of hexose. Fru is subsequently phosphorylated to Fru-6-phosphate by fructokinase (EC 2.7.1.4) and used as the substrate for respiration and biosynthesis of starch and the other complex carbohydrates. Fructokinase has been characterized from various plant tissues such as pea (Pisum sativum) seeds (Copeland et al., 1978) , avocado (Persea americana) fruit (Copeland and Tanner, 1988) , maize (Zea mays) kernels (Doehlert, 1990) , potato (Solanum tuberosum) tubers (Gardner et al., 1992; Renz and Stitt, 1993) , taproots of sugar beet (Beta vulgaris; Chaubron et al., 1995) , barley (Hordeum vulgare) leaves (Baysdorfer et al., 1989) , spinach (Spinacia oleracea) leaves (Schnarrenberger, 1990) , rice (Oryza sativa) embryo (Guglielminetti et al., 2000) , and tomato (Lycopersicon esculentum) fruit (Martinez-Barajas and Randall, 1996) . The purified fructokinases have been characterized by a generally high affinity for Fru and ATP and, in some cases, two to three fructokinase isoforms have been identified.
It has been proposed that fructokinase may regulate starch synthesis coordinately with SS in sink tissue such as potato tubers and tomato fruit. Potato tubers accumulate starch throughout development (Ross et al., 1994) , whereas in tomato fruit, starch is transiently accumulated in young fruit and then degraded to a negligible level in mature fruit (Schaffer and Petreikov, 1997a) . In both sink tissues, the activities of fructokinase and SS parallel starch content (Ross et al., 1994; Appeldoorn et al., 1997; Schaffer and Petreikov, 1997a) . In addition, the localization of mRNA of both enzymes is closely associated with starch-accumulating cells in young tomato fruit (Wang et al., 1994; Kanayama et al., 1998) . Schaffer and Petreikov (1997b) suggested that the cellular concentration of Fru was sufficient to inhibit the activities of SS and fructokinase in vivo and that these two enzymes potentially limited starch synthesis in young tomato fruit. These findings strongly suggest that fructokinase and SS play a key role in starch accumulation in tomato fruit.
Fructokinase cDNAs have been cloned from potato (Smith et al., 1993) and tomato (Kanayama et al., 1997; Martinez-Barajas et al., 1997) . In tomato plants, two divergent fructokinase genes, Frk1 and Frk2, have been shown to be differentially expressed (Kanayama et al., 1997) . Frk1 mRNA is expressed at a relatively constant level throughout fruit development, whereas Frk2 mRNA transiently accumulates to a very high level in young developing fruit but decreases in later stages of fruit development. Localization of Frk1 and Frk2 mRNA by in situ hybridization in young tomato fruit also indicated that expression of these two genes is spatially distinct (Kanayama et al., 1998) . The Frk1 and Frk2 enzymes also exhibit distinct enzymatic properties. Most notably, Frk2 has a much higher affinity for Fru than Frk1, and Frk2 activity is inhibited by high concentration of Fru, whereas Frk1 activity is not. These data collectively suggest that the two tomato fructokinases play unique physiological roles.
Transgenic plants expressing sense or antisense genes for some enzymes involved in Suc metabolism have recently been used to assess the physiological role of each enzyme. Klann et al. (1996) reported that sugar composition and fruit size were altered in transgenic tomato plants expressing an antisense gene encoding intracellular acid INV. A key role for SS in starch synthesis was confirmed in transgenic potato (Zrenner et al., 1995 ), although D'Aoust et al. (1999 reported that the enzyme was not essential for starch synthesis in tomato fruit. The physiological functions of hexokinase (HK) have also been investigated by transformation of tomato and potato with sense and antisense genes (Dai et al., 1999; Veramendi et al., 1999) . To assess the physiological functions in vegetative and fruit development, we independently suppressed the expression of each tomato fructokinase gene and evaluated the resulting transgenic plants for alterations in development and in carbohydrate metabolism.
RESULTS

Fructokinase Gene Expression and Enzyme Activity
To independently suppress the expression of Frk1 and Frk2, antisense gene constructs were derived from the divergent 3Ј region of the respective cDNAs. The nucleotide sequence identity over this region was only 40%. To assess the specificity of each antisense gene construct, mRNA levels in control and transgenic plants were assessed, as shown in Figure 1 . RNA gel-blot analysis showed that the level of Frk1 mRNA was suppressed to an undetectable level in the Frk1 antisense line AF1-72, whereas the Frk2 mRNA level was unaffected (Fig. 1) . Similarly, in the Frk2 antisense line AF2-14, Frk2 mRNA was undetectable, but Frk1 mRNA was similar to levels in control tomato tissues. These results confirmed that the 3Ј antisense gene constructs were sufficiently divergent to suppress the expression of each Frk gene independently.
The effectiveness of Frk antisense genes was further examined by assaying fructokinase enzyme activity (Fig. 2) . Total fructokinase activity probably comprises the combined activity of both Frk1 and Frk2 but was assayed using substrate conditions that are partially specific for each isoform. Thus, fructokinase activity was measured at the optimal concentration of Fru for Frk1 in Frk1 antisense lines (AF1 lines, 50 mm) or for Frk2 in Frk2 antisense lines (AF2 lines, 0.5 mm) to at least partially resolve changes in the activity of each Frk isoform. The residual activity of Frk1 at 0.5 mm Fru and of Frk2 at 50 mm are approximately 20% and 10% of the activity at the optimal Fru concentration for each isoform, respectively (MartinezBarajas and Randall, 1996; Kanayama et al., 1998) . The results indicate that Frk1 and Frk2 activity was substantially suppressed in transgenic lines AF1-72 and AF2-14, respectively, and moderately suppressed in lines AF1-66 and AF2-156 that also exhibited an intermediate phenotype. The assay conditions used (e.g. 50 mm Fru for Frk1 and 0.5 mm for Frk2) are only partially specific for each fructokinase isoform. In addition to fructokinase activity, Fru phosphorylation when assayed at high concentration (50 mm) may also be contributed by HK (Renz and Stitt, 1993). However, HK activity, measured with Glc as substrate, was much lower (0.00504 Ϯ 0.00082 mol min Ϫ1 mg Ϫ1 protein) than fructokinase activity in control lines and present at similar levels in AF1 plants. Thus, the residual activity in measured in AF1 lines is most likely contributed by the Frk2 isoform and HK that are not influenced by Frk1 antisense gene. The residual activity in AF2 lines most likely represents activity of the Frk1 isoform.
Vegetative Growth
Vegetative growth was severely inhibited in transgenic lines, especially in AF2-14, with suppressed expression of Frk2. AF2-14 plants were visibly stunted compared with the control plants and with lines AF1-66 and AF1-72 with suppressed Frk1 expression. Table I shows the comparison of plant height, node numbers, and root weight in the control and transgenic lines. The data indicate that the decrease in plant height of line AF2-14 was mainly due to the reduction of internodal distances, rather than the number of nodes. The fresh weight of AF2-14 roots was also significantly reduced relative to the control and AF1 plants (Table I) . Moderate effects of antisense Frk2 on plant height and root weight were also observed in AF2-156.
In both AF1-72 and AF2-14 lines, sugar content in leaves was reduced compared with those in the control line (Table II) . This reduction was attributed to the reduction of hexose sugars with Suc content unchanged between the transgenic and control lines.
Reproductive Development
The suppression of Frk gene expression also had a significant effect on reproductive development in tomato. Table III indicates that the number of flowers per plant was severely reduced in lines AF2-14 and AF2-156. This reduction was attributed to flower abortion because undeveloped inflorescences were observed where flowers did not fully develop. The number of fruit per plant was also reduced in the Frk2-suppressed lines, with the percentage of the number of fruit set per flower being 52%, 32%, and 43% in control, AF2-14, and AF2-156 plants, respectively. Thus, the reduction of fruit number is attributable to the inhibition of fruit setting and of flower development.
Table III also indicates that the number of seeds per fruit in line AF2-14 was greatly reduced relative to control fruit, whereas seed number in lines AF1-66 and AF1-72 was not affected (Table III) . The number of seeds per fruit in line AF2-156 was also reduced moderately. In immature fruits (20 DAF), there were no significant differences in hexoses and starch content between transgenic and control lines, whereas Suc content was increased in both AF1 and AF2 lines (Table IV) .
The timing of flowering was affected in some of the transgenic lines suppressed for Frk1 gene expression. The timing of flowering was most readily assessed by examining the number of nodes to first inflorescence. Figure 3 indicates that, by this measure, flowering time was increased by two to three nodes in lines suppressed for Frk1 expression. This delay was most apparent in line AF1-72 compared with the control line. This phenotype of delayed flowering was not evident in transgenic lines, AF2-14 and AF2-156, suppressed for Frk2 expression. After the first inflorescence, node number between inflorescences in Frk1 and Frk2 antisense lines was the same as that in the control line (data not shown).
In Situ Localization of Frk1 and Frk2 Transcripts in Fruit Tissue
The specific effect of Frk2 suppression on seed number suggested its involvement in early seed development. To assess the relative expression of Frk1 and Frk2 genes in developing seeds, each Frk mRNA was localized in very young wild-type tomato fruit (about 10 mm diameter) by in situ hybridization. To detect the Frk1 transcripts, the sections hybridized with Frk1 probes were exposed for 21 d, whereas the sections for Frk2 were exposed for 10 d because the abundance of Frk2 transcripts is much higher than Frk1 during the early stage of tomato fruit development (Kanayama et al., 1997) . The silver grains in the sections hybridized with Frk1 antisense probes were located in most cells of the seed and placental tissue as shown in Figure 4B . In contrast to Frk1, the Frk2 transcripts were concentrated in the developing endosperm of the seed and in the cell layers of placental tissue close to the seed (white arrows in Fig. 4E ). However, Frk2 transcripts were not detected in aborted seeds and surrounding tissues (Fig. 5B) . The embryo is not readily visible at this developmental stage of tomato fruit, whereas soft endosperm and green testa are observed (Berry and Bewley, 1991) . Therefore, most of the cells in which the Frk2 transcripts were located are probably endosperm cells.
DISCUSSION
Specific Physiological Function of Frk1
Transgenic plants with suppressed Frk1 expression exhibited delayed flowering, based on the increased number of nodes below the first inflorescence. Bernier et al. (1993) suggested that sugar is one of the signal molecules participating in floral induction and demonstrated that in plants induced to flower, Suc was mobilized from starch stored in leaves to the apical meristem. In addition, Arabidopsis mutants unable to mobilize starch showed a late-flowering phenotype (Corbesier et al., 1998) . There are several lines of evidence from transgenic plants linking floral induction with transport and/or metabolism of sugars. For example, flowering was delayed in transgenic tobacco plants in which Suc translocation was suppressed by inhibition of expression of a H ϩ -Suc transporter (Burkle et al., 1998) and a plasma membrane H ϩ -ATPase (Zhao et al., 2000) . In contrast, an increase in Suc synthesis capacity by the overexpression of Suc phosphate synthase in tomato plants resulted in early flowering (Micallef et al., 1995) . In the experiments reported here, although hexose content was decreased in the mature leaves of both AF1-72 and AF2-14 plants compared with control plants, delayed flowering was only observed in the AF1-72 line, suggesting that this effect was not related to leaf carbohydrate status. However, it is possible that Frk1 acts in the apex where it participates in signal transduction to induce flowering. Jang et al. (1997) suggested that another hexose kinase, HK, has a dual function, both as a hexosephosphorylating enzyme and as a sugar sensor. The action of HK as a sugar sensor appears not to act through the production of hexose phosphates per se, but through a regulatory activity of the enzyme that is specific for the sugar signaling pathway. By analogy, it is possible that Frk1 plays a similar role as a dual function enzyme in sugar signaling that contributes to floral induction in the shoot apex.
Specific Physiological Function of Frk2
Based on its developmental and spatial pattern of expression, it has been proposed that Frk2 plays a key role in starch biosynthesis in immature tomato fruit (Kanayama et al., 1997 (Kanayama et al., , 1998 . However, in this study, we observed no significant difference in starch content in immature fruit between AF2 lines and control. A similar result was observed in tomato plants suppressed for SS expression. SS also has been proposed to play an important role in starch biosynthesis in immature tomato fruit (Wang et al., 1994) , however, transgenic tomato plants expressing an antisense SS gene showed no apparent difference in starch content in immature fruit compared with control plants (Chengappa et al., 1999; D'Aoust et al., 1999) . Therefore, it seems likely that SS is not rate limiting for starch biosynthesis in tomato fruit, and our results suggest that the same is true for Frk2 activity. These results support the proposal of NЈtchobo et al. (1999) that the rate of starch biosynthesis in tomato fruit is dependent on Suc unloading into fruit rather than being limited by a downstream metabolic constraint.
A specific phenotype associated with Frk2 suppression was growth inhibition of stems and roots. The critical role of Frk2 in stem and root growth has been proposed in other species. In potato, mRNA and protein corresponding to the Frk2-type fructokinase are induced in growing tubers, organs which are derived from stems (Taylor et al., 1995) . In sugarbeet taproots, a single major fructokinase isoform has been purified and characterized (Chaubron et al., 1995) that is very similar to tomato Frk2 and most likely represents the ortholog of tomato Frk2 (Kanayama et al., 1998) . The activity of the sugarbeet fructokinase remains high throughout taproot development, suggesting that it may be the major contributor to glycolytic carbon flux during root growth and development. The growth inhibition of stems and roots in Frk2 antisense lines observed in this study confirms an essential role of Frk2 in their growth, as was suggested in potato and sugarbeet.
The second specific phenotype observed in lines suppressed for Frk2 expression was decreased seed number. Both SS and INV have been proposed to play significant roles in maize seed development (Chourey and Nelson, 1976; Hanft and Jones, 1986) , but the importance of hexose metabolism in seed development has not been previously addressed. The specific and high expression of Frk2 mRNA in the endosperm of young seeds suggests that fructokinase, potentially in concert with INV and SS, is an important component of active carbohydrate metabolism in early seed development. The reduction of seed number in Frk2-suppressed transgenic plants and the reduced expression of Frk2 in aborted seeds support this hypothesis. The localization of Frk2 mRNA in the placental cell layer close to developing seeds also suggests a unique role for this cell layer in carbohydrate metabolism in the developing seed.
The number of flowers per plant was severely reduced in lines AF2-14 and AF2-156, and this phenomenon was due to increased flower abortion rather than a decrease in floral initiation. Fruit setting was also inhibited in the lines. Transgenic tomato plants with suppressed SS expression exhibited almost no difference in the level of starch and sugars in immature and mature fruits compared with controls, but fruit setting was reduced (D'Aoust et al., 1999) . These plants also had reduced Suc import capacity in very young fruit (7 DAF), potentially explaining the reduction in fruit set. These results suggested that SS is a major determinant of the carbohydrate supply to fruit and affects the setting activity in very young fruit. The results presented here are very similar to D'Aoust et al. (1999) in that there was no apparent effect of Frk gene suppression on starch and sugar content in fruits, but there was a reduction in flower development and fruit setting. Therefore, it is possible that Frk2 and SS are determinants of the carbohydrate supply to flower and fruit. However, fruit setting was also inhibited in AF1-72 but not in AF1-66, which is moderately suppressed in fructokinase activity by suppression of Frk1 expression. Therefore, it is possible that Frk1 also contributes to fruit setting.
The specific suppression of Frk2 collectively resulted in growth inhibition of both vegetative and reproductive organs. However, in spite of the observed growth inhibition, levels of sugar and starch did not decrease in fruit, suggesting that growth inhibition may be related to carbon flux through Frk2 rather than the steady-state carbohydrate level. This speculation can be tested by the measurement of carbon flux in AF2 plants.
The results presented here reveal a range of physiological roles of the tomato fructokinase isoforms, Frk1 and Frk2, by specific suppression of Frk1 or Frk2 expression and some of the physiological consequences of suppressed activity were specific for each fructokinase. Because each Frk isoform has distinct kinetic properties (Kanayama et al., 1997) , it should now be possible to link the biochemical properties of these enzymes with their physiological function.
MATERIALS AND METHODS
Construction of Fructokinase Antisense Genes
The partial sequence between ϩ880 and the 3Ј end of the Frk1 cDNA (Kanayama et al., 1997) was amplified using PCR. The primer for ϩ880 contained an engineered SacI site (5Ј-CTAGCGAGCTCGAGT-GGAATAATGAG-3Ј). The resulting 700-bp fragment was digested with SacI and BamHI (ϩ1580). The Frk2 cDNA (Kanayama et al., 1997) was digested with SacI (ϩ677) and SpeI (ϩ1244). Each fragment was inserted between the cauliflower mosaic virus 35S promoter and nopaline-synthase termination site in the binary vector pBI121 (CLONTECH, Palo Alto, CA) in which the GUS sequence was removed by digesting with BamHI (Frk1) or XbaI (Frk2) and SacI. Agrobacterium tumefaciens strain LBA4404 (Invitrogen, Carlsbad, CA) was transformed with the respective Frk1 and Frk2 antisense constructs.
Plant Transformation
Transformation was performed using cotyledons of tomato (Lycopersicon esculentum Mill. cv Alisa Craig) as described by McCormick et al. (1986) . The regenerated kanamycin resistant plants were grown in a growth chamber. Primary transformants (T 0 ) were identified by PCR analysis and were selected by measuring fructokinase activity in leaves for antisense Frk1 plants, or in immature fruit pericarps for antisense Frk2 plants. The selected plants with low fructokinase activity were self-pollinated. The copy number and segregation of the transgene in T 1 and T 2 generations were investigated by DNA gel-blot analysis and PCR. The T 2 generation was used for detailed analyses.
Plant Material
The plants were grown in the growth chamber with natural day length at 24°C/19°C (day/night) and axillary buds were picked before they grew. The seeds of three Frk1 antisense lines (AF1-24, AF1-72, and AF1-66) and two Frk2 antisense lines (AF2-14 and AF2-156) were sown on February 21, 1999. Azygous plants segregating from the AF1-66 line were used as a control. Immature fruits were harvested 20 DAF. Fully expanded and nonsenescent leaves were also harvested for analyses. Roots were sampled by Figure 5 . In situ localization of Frk2 mRNA in aborted seeds and surroundings of very young fruit. Fruit used for the in situ hybridization was the same as Figure 4 . A, Bright-field microscopy of the sections hybridized with Frk2 probe, and stained with KI/I 2 and toluidine blue. B, Antisense probe of Frk2 was used.
carefully washing in water, weighed, and stored for analyses. All samples were frozen in liquid nitrogen and stored at Ϫ80°C.
RNA Gel-Blot Analysis
Total RNA was extracted using RNeasy Mini Kit (Qiagen USA, Valencia, CA). Total RNA was separated on a 1.2% (w/v) denaturing agarose gel containing 10% (v/v) formaldehyde and was transferred to a Hybond-N ϩ membrane (Amersham Pharmacia Biotech, Uppsala). The membrane was hybridized in DIG Easy Hyb (Roche Molecular Biochemicals, Summerville, NJ) at 50°C overnight, washed with 0.2ϫ SSC containing 0.1% (v/v) SDS at 55°C, and exposed to x-ray film. Probes were made from Frk1 and Frk2 cDNA by using PCR DIG Probe Synthesis Kit (Roche) with the following primers; 5Ј-AAGTAGTAAACAGGGTGGC-3Ј and 5Ј-CCGAAGAAGC-ATATCAGCAC-3Ј for Frk1 (ϩ80 to ϩ690), 5Ј-GTGCTTCTTCTTCTGGT-TTG-3Ј and 5Ј-TCACATCAGCAGAGTCCC-3Ј for Frk2 (ϩ75 to ϩ659). The sequences for the probes were selected not to hybridize with the antisense RNA transcripts.
Enzyme Activity Analysis
Enzyme extraction was carried out at 4°C according to modifications of the method of Schaffer and Petreikov (1997a) . The frozen sample was ground to a powder with liquid nitrogen using a mortal and pestle and was mixed with a vortex mixer in extraction buffer containing 50 mm HEPESNaOH (pH 7.5), 1 mm MgCl 2 , 1 mm EDTA, 10 mm KCl, 2.5 mm dithiothreitol, 3 mm sodium N,N-diethyldithiocarbamate trihydrate, and 2% (w/v) polyvinylpolypyrrolidone. After centrifugation at 10,000g for 15 min, the supernatant was adjusted to 80% saturation with ammonium sulfate, incubated on ice for 30 min, and centrifuged at 10,000g for 15 min. The precipitate was resuspended in 1 mL of the extraction buffer without polyvinylpolypyrrolidone and desalted by passage over a NAP10 column (Amersham Pharmacia Biotech). The desalted extract was used for enzyme assays. Fructokinase activity was measured at 25°C according to Martinez-Barajas and Randall (1996) except Fru concentration that was either 0.5 or 50 mm Fru.
Determination of Carbohydrate Content
Sugars were extracted in hot ethanol and analyzed by HPLC equipped with a refractive index detector and NH2 P-50 4E column (Asahipak, Showa Denko, Japan), as previously described by Suzuki et al. (2001) . Starch was extracted from the ethanol-insoluble fraction dried to the pellet. Extraction and determination of starch were performed using the Starch Assay Kit (Sigma, St. Louis) according to the manufacturer's instructions.
In Situ RNA Hybridization
In situ hybridizations were carried out as described by Kanayama et al. (1998) using the tissue of wild-type tomato fruit of approximately 10 mm in diameter.
